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A special bearing tester was constructed to investigate the damage behavior on the lubricated surfaces in bearings with the 
passage of weak electrical currents as low as ~1 mA. The results showed that when polar glycerine was used as the lubricant, 
many narrow and deep pits formed on the lubricated surfaces. In contrast, when the experimental conditions under the lubrica- 
tion of the nonpolar paraffin oil were close to those under the lubrication of polar glycerine oil, damages on the lubricated sur- 
faces were unobvious. Emergence of microbubbles in polar lubricants with the passage of electrical currents was proposed to 
be responsible for the observed damages on the lubricated surfaces. 
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1 Introduction 


With the increasing use of variable frequency motors, shaft 
voltage frequently exists between the rotor and the stator 
due to the asymmetric effect of electromagnetic windings, 
etc., resulting in the passage of electrical currents through 
bearings [1]. The occurrence of premature failure in bearings 
due to the influence of shaft currents has stimulated many 
researches on the effect of the passage of electrical currents 
on the damage in bearings. The aging problem of lubricants 
induced by the passage of electrical currents in noninsulat- 
ing bearings was investigated by Komatsuzaki [2]. A pre- 
dicative model for the relationship between the temperature 
rise caused by electrical currents and the bearing life before 
the occurrence of surface slip bands on the raceways was 
proposed by Prashad [3]. Various causes of bearing failure 
including corrugation patterns were also discussed [4], and 
such kinds of failure for the type NU 228 bearing could be 
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avoided by limiting the shaft voltage to a maximum of 
200 mV, which corresponded to a local current of 1.54 A. 
The electrical pitting mechanisms of lubricated surfaces 
under alternate current (ac) voltages of 1-100 V and cur- 
rents of 1-8 A were investigated by Chious and Lin et al. 
[5-8], and the formation and breaking of molten metal 
columns resulted in damages. The differences in the dam- 
aged patterns on lubricated surfaces electrically induced by 
classical continuous bearing currents (3 A) and frequency 
converter-induced currents (1.6, 3 and 20 A) were compared 
by Zika et al. [9]. Wear regimes related with electrical pit- 
ting in grease-lubricated rolling element bearings under 
large currents (10, 40 and 80 A) were revealed by Raadnui et 
al. [10]. In addition, Zhang et al. [11] have recently shown 
that the tribological and electrical conductivity properties in 
triboelectric pairs deteriorated under high speed dry sliding 
and the passage of large electric currents. 

The electrical current used in most of the above-men- 
tioned studies on the electro-damage behaviors of bearings 
was relatively large (>1 A), and arcing was proposed as the 
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main cause. Very few works focused on the effect of weak 
bearing currents (as small as ~mA or even ~uA) on the dam- 
age to lubricated surfaces. In our previous work, many mi- 
crobubbles were observed in thin lubricant films, particu- 
larly in polar oil films, with the relative optical interference 
intensity (ROI) technique under the passage of weak elec- 
tric currents of smaller than 1 A [12, 13]. Thus, it is of great 
interest to see whether there is any correlation between the 
bubbles and the damage on the lubricated surfaces. In the 
present paper, a bearing electro-corrosion tester was con- 
structed, and results of the effect of weak electrical currents 
on the damages on lubricated surfaces in bearings will be 
presented and discussed. 


2 Experimental 


The experimental setup is shown in Figure 1. A shaft is 
connected with the driving motor through pullets and a belt. 
Two shaft supporting bearings are mounted on the side 


(a) 


Figure 1 The configuration of the bearing electro-corrosion tester. (a) 
Actual picture; (b) schematic diagram. A-motor; B-belt; C-belt pulley; 
D-side plate; E-upper plate; F-spring; G-steel plate; H-threaded rod; J-nut; 
J-insulating sleeve for the supporting bearing; K-supporting bearing 1; 
L-test bearing system 1; M-test bearing system 2; N-shaft; O-supporting 
bearing 2; P-base; R-test bearing; S-insulating sleeve for the test bearing; 
T-steel bearing holder. 
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plates, and two test bearings are mounted in the middle of 
the shaft. The external load onto the test bearing is applied 
through a combination of a threaded rod, a spring, a nut and 
the upper plate. The load is controlled by the deformation of 
the spring by controlling the position of the nut. The lubri- 
cant film in one of the test bearings is exposed to an exter- 
nal electrical field. As shown in Figure 2, the positive pole 
of the direct current (dc) power keeps in contact with the 
shaft through a copper brush (Figure 2(a)) or a mercury slip 
ring (Figure 2(b)), which is suitable for the measurement of 
the electrical current. The other pole contacts the outer ring 
of the test bearing through a conductive screw, as shown in 
Figures 2(c) and (d). The electrical current can be obtained 
by measuring the voltage across the sampling electrical re- 
sistance (24 kQ) in the circuit. The test bearings in the pre- 
sent study were angular contact bearings, and the type of the 
bearing was 7205 A (HRB, China). The nominal bearing 
dimensions are: the bore diameter is 25 mm, the outside 
diameter 52 mm and the width 15 mm. The oil was added 
into the bearings through a hole at the top of the bearing 
holder after the bearing began to run since most of the oil 
would flow out of the angular contact bearing when the 
bearing was static. The oil quantity of the oil depended on 
whether it overflowed out of the bearing during adding the 
fresh oil through the hole. The oil was changed per 8 hours 
during the bearing operation. 

After a long time running, the test bearings were dis- 
mounted and cut into pieces. The lubricated surfaces were 
observed with a scanning electron microscope (SEM). In 
the present work, two groups of experimental results will be 
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Figure 2 The scheme of applying an electrical field onto the lubricant 
film in a test bearing: (a) and (b) are the real pictures for connecting one 
pole of a dc power onto the shaft; (c) and (d) are the real picture and the 
schematic diagram for connecting the other pole of the power onto the 
outer ring of the bearing, respectively. 
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shown here, and the main experimental parameters are 
shown in Table 1. Our previous work indicated that the 
number of microbubbles generated in the polar oil film was 
more than that in the nonpolar oil film. Hence, two typical 
lubricants, i.e., glycerine (puritity: >99%; electrical conduc- 
tivity: 6.40x10° S m”'; relative dielectric permittivity: 42.5) 
and paraffin oil (puritity: >99%; electrical conductivity: 
2.00x10'° S m`; relative dielectric permittivity: 2.2-4.7), 
were used. In order to avoid the occurrence of discharges, 
the electrical current should be as low as possible. 


3 Results 


3.1 Tests with polar glycerine lubricant 


The SEM image of the rolling elements in the bearing 
without the passage of an electrical current is shown in Fig- 
ure 3(a). The surface is relatively smooth with no obvious 
features. The energy-dispersive x-ray spectroscopy (EDS) 
analysis for the area I in Figure 3(a) shows that the main 
content is iron (Fe)(Figure 3(b)). It can be seen from Figure 
4(a) that many pits of ~1 um in size are present on the roll- 
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ing element surfaces under the action of an electrical current. 
Figure 4(b) is the magnified image of a typical pit, and it is 
relatively narrow and deep. The EDS analysis of the pit 
edge area indicated by arrow A in Figure 4 shows that the 
content of oxygen (O) is relatively high, as shown in Figure 
5(a), suggesting oxide formed around the pit. In contrast, 
oxide is very little in the region far away from the pit (Re- 
gion B in Figure 4), as shown in Figure 5(b). 


Table 1 Some parameters of the experiment 


First set Second set 
Lubricant glycerine paraffin oil 
Applied load (N) 400 400 
External voltage (V) 98 98 
Electrical current (mA) about 4.1 about 4.1 
Current density (A/mm’) >0.05 >0.05 
TOA ARE BT Sime. many bubbles less bubbles 
Bearing speed (r/min) 1800 1800 
Test period (h) about 900 about 800 
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Energy (keV) 


9.00 


Figure 3 Glycerine lubricated experiments: (a) SEM image of the rolling elements in the bearing without the passage of the electrical current; (b) EDS 


analysis of area I in (a). 


Figure 4 The result from the glycerine lubricated experiments: (a) SEM image of the rolling elements in the bearing with the passage of the electrical 


current; (b) the magnified image of a typical pit. 
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Figure 5 Glycerine lubricated experiments: (a) EDS analysis of Point A in Figure 4(b); (b) EDS analysis of Point B in Figure 4(b). 


The SEM images of the raceways of the inner rings 
without and with the passage of electrical currents are shown 
in Figure 6. The raceway surface of the inner ring without 
the passage of the electrical current is relatively smooth, and 
the machining texture can be observed. In contrast, many 
deep pits exist on the raceway surface with the passage of 
the electrical current. The pit width is non-uniform, ranging 
from 5 to 50 um. A magnified image of a typical deep pit is 
shown in Figure 6(d). The pit is not vertical in the depth 
direction, and the bottom part in the pit cannot be seen, 
suggesting that the pit was formed due to oblique impacts. 


An image of a typical pit on the raceway surface after the 
passage of an electrical current obtained with a white-light 
optical microscope is shown in Figure 7. In agreement with 
the SEM observation, the pithead size is slightly larger 
(about 30 um) along the A-A1 direction than those along the 
B-B1 and C-C1 directions (both about 20 um). Moreover, 
the depth becomes increasingly larger along the A-A1 direc- 
tion, however, it keeps almost unchanged along the B-B1 
direction. Thus, it can be confirmed further that the pit was 
caused by external oblique impacts along the A-A1 direction. 

Worthy to mention, an iridescent color ring area around 


Figure 6 The result from the glycerine lubricated experiments: (a) SEM image of the raceway of the inner ring without an electrical current; (b) the locally 
magnified image of (a); (c) SEM image of the raceway of the inner ring with an electrical current; (d) a typical pit on the raceway of the inner ring with an 


electrical current. 
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Figure 7 Glycerine lubricated experiments: (a) The image of a typical pit on the raceway of the inner ring with an electrical current observed with a 
white-light optical microscope; (b) the surface profile along the A-A’ direction; (c) the surface profile along the B-B’ direction; (d) the surface profile along 


the C-C’ direction. 


the pit can be seen in Figure 6(d). The EDS analyses of the 
area far away from the pit (indicated by arrow A in Figure 
6(c)) and the peeled pithead area (indicated by arrow B in 
Figure 6(d)) show that the main elements of both regions 
are Fe, as shown in Figures 8(a) and (b). In contrast, it can 
be seen from Figure 8(c) that O element is abundant in the 
ring region indicated by arrow C in Figure 8(d), and the 
content of the carbon (C) element increases to some extent. 
In addition, similar pits can be observed on the raceway 
surface of the outer ring after the passage of the electrical 
current, as shown in Figure 9. 

The variations of electrical currents over time at different 
shaft rotation speeds are shown in Figure 10. The differ- 
ences of the magnitudes of the electrical current at different 
speeds are not very obvious. Some minute noise peaks of 


0.3 mA in the magnitude (not more than 10% of the back- 
ground value) emerge on the curves after shaft rotation. The 
number and magnitude of the noise peaks for the glycerine 
film in the test bearing do not increase with the rotation 
speed. 


3.2 Tests with paraffin oil lubricant 


The SEM images of the surfaces of the rolling elements and 
raceway surfaces of both the outer rings and the inner rings 
are shown in Figure 11. The surfaces are relatively smooth in 
the bearing without the passage of electrical currents, and ma- 
chining textures can be seen on the surfaces of the raceways. 
It suggests that no obvious damage took place when paraf- 
fin oil was used as the lubricant without the passage of the 
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Figure 8 Glycerine lubricated experiments: (a) EDS analysis of Point A in Figure 6(a); (b) EDS analysis of Point B in Figure 6(b); (c) EDS analysis of 


Point B in Figure 6(b). 


2984 Xie G X, et al. 


Sci China Tech Sci 


December (2013) Vol.56 No.12 


Figure 9 Glycerine lubricated experiments: (a) SEM image of the raceway of the outer ring without an electrical current; (b) the magnified image of the 
local region I in (a); (c) SEM image of the raceway of the outer ring with an electrical current; (d) the magnified image of the region II in (a). 
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Figure 10 Glycerine lubricated experiments: The variation curves of 
electrical currents over time at various rotation speeds. 


electrical current. For the bearing with the passage of the 
electrical current, no obvious feature can be seen on neither 
the surfaces of the rolling elements nor the raceways, howev- 
er, machining textures cannot be observed on the raceways. 
The EDS analyses of Regions I, II and III in Figure 11 show 
that the main element is Fe, as shown in Figure 12. In addi- 
tion, the slight increases of the carbon peak intensity in Fig- 
ure 12(c) may be due to the more severe carbonization of 
adsorbed lubricant molecules on the raceway of the inner 
ring during the passage of currents. The variation curves of 
the electrical current through the paraffin oil film over time 
are shown in Figure 13. Similar to Figure 10, some minute 
noise peaks of 0.3 mA in magnitude exist, and the number 
and the magnitude of the peaks do not increase with the 
rotation speed. 


4 Discussions 


In the first place, it is necessary to understand the reason for 
the occurrence of minute peaks on the electrical current 
curves over time. Presumably, the following causes are pos- 
sible: 1) Arc discharge; 2) electrical breakdown in dielectric 
liquids; 3) the intermittent contact of micro-asperities on the 
lubricated surfaces [14]. In order to give a deeper insight, 
the possibility of discharges is discussed firstly. 

Arc discharge in a gas or vapor can exist independently 
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Figure 11 Paraffin oil lubricated experiments: (a) SEM image of the rolling elements without the passage of the electrical current; (b) SEM image of the 
rolling elements with the passage of the electrical current; (c) SEM image of the raceway of the outer ring without the electrical current; (d) SEM image of 
the raceway of the outer ring with the electrical current; (e) SEM image of the raceway of the inner ring without the electrical current; (f) SEM image of the 
raceway of the inner ring with the electrical current. 
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Figure 12 Paraffin oil lubricated experiments: (a) EDS analysis of Region I in Figure 11(a); (b) EDS analysis of Region II in Figure 11(d); (c) EDS analy- 
sis of Region II in Figure 11(f). 
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Figure 13 Paraffin oil lubricated experiments: The variation curves of 
electrical currents over time at various rotation speeds. 


to produce plasma [15]. Arcing in liquids, e.g., oil and water, 
is primarily due to the discharge in bubbles. In the present 
work, the generation of bubbles should be much more in- 
tensive in the glycerine film than in the paraffin oil film 
according to our previous results with the ROII method [13]. 
If arc discharge is assumed to occur, it should be much 
stronger in the glycerine film, being in contradictory with 
the observed result. Therefore, arc discharge should not be 
dominant. For the electrical breakdown in the dielectric 
liquid, it is actually a rapid reduction in the resistance of the 
insulating liquid, which results in discharge [16]. Since the 
dielectric properties between glycerine and paraffin oil are 
very different, the peaks on the current curves are not caused 
by dielectric liquid breakdown. In this case, the peaks are 
more probably due to the mechanical factor, i.e., the inter- 
mittent contact of micro-asperities on the lubricated surfaces. 
Moreover, the electrical currents in Figures 10 and 13 are 
very close under close experimental conditions. This phe- 
nomenon might be due to the fact that the majority of the 
external voltage from the electrical power was on the sam- 
pling resistance since the resistances of both lubricant films 
in the test bearings were much smaller than the sampling 
resistance [17]. 

Next, how do we explain the occurrence of many pits on 
the surfaces of the rolling elements and raceways with the 
passage of electrical currents, as shown in Figures 4 and 6? 
Two basic factors may contribute to the pit formation: one 
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is the passage of the electrical current, and the other is the 
generation of microbubbles in the lubricant film. Hence, 
two optional reasons can be used for explaining the pit for- 
mation: electrical pitting or erosion due to the bubble col- 
lapse, i.e., cavitation erosion. 

Electrical pitting damage is caused by intermittent arcing 
between the stationary and rotating machine components 
[18]. The eroded surface could have a concave crater with a 
few micro-porosities and a plateau on its surrounding, espe- 
cially after the passage of high currents [5]. The major pit- 
ting on the eroded bearing surface form at the initial stage 
of the arc discharge [5-8]. It was also pointed out by 
Prashad [19] that the damaged surface morphology on the 
lubricated surfaces depended largely on the lubricant resis- 
tivity: Washboard-like corrugations for the low lubricant 
resistivity and craters caused by arcing for the high lubri- 
cant resistivity 

Based on these results, it can be said that the pit for- 
mation on the lubricated surfaces is not as a result of elec- 
trical pitting. Three reasons can be provided. 

1) The pits mentioned in the work by Prashad [3, 4] and 
Chious et al. [5, 6] form when the electrical current is larger 
than ~1 A. It is mainly caused by the fact that the lubricants 
used in their work were paraffin oils and greases, in which 
very few microbubbles could be observed in our previous 
work. Moreover, no obvious damage could be seen on the 
lubricated surfaces when the paraffin oil was used as the 
lubricant after the passage of weak electrical currents of 
much smaller than 1 A in the present work. 

2) The pits in Figure 6 are deep and narrow, being dif- 
ferent from the ones reported in refs. [5, 6]. 

3) The ring area around the pit in Figure 7 is very similar 
to the one caused by cavitation erosion in de-ionized water 
observed by Chen and Li [20] Furthermore, the appearance 
of the precipitated carbon rings on the surface was observed 
in their work, being accordance with the result in the pre- 
sent work. Thus, the ring area in Figure 6 can be inferred as 
experiencing a tempering process. 

In this case, the pits have a large probability to form due 
to the impact of bubble collapse, i.e., cavitation erosion. 
Although the clearance in the bearing is on the order of mi- 
crons and the lubrication film thickness is even less than 
one micron, our previous experimental results based on the 
interferometer showed that microbubbles could form in very 
thin films. As demonstrated in ref. [12], many microbubbles 
emerge in the central contact region where the film thick- 
ness is about 130 nm after an external voltage is applied onto 
the liquid film. These microbubbles could generate high 
impact energy due to collapse in the thin lubricating films 
when they experienced a high pressure inside the bearing 
[21]. 

However, it should be noted that the damage on the lu- 
bricated surface with the passage of electric currents is a 
complex process, and using one single mechanism cannot 
fully explain the observed phenomena. For example, the 
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moisture/water content could be another contributing factor 
[22]. It could reduce the bearing resistance, and result in the 
leakage of the energy stored in the inductive-resistive circuit 
of the bearing in each rotation, leading to the growth and 
decay of bearing current and finally the pit formation. 


5 Conclusions 


A bearing electro-corrosion tester was constructed, and the 
damage behaviors on the lubricated surfaces in bearings with 
the glycerine and the paraffin oil as lubricants under the 
influence of weak electrical currents have been investigated. 
It has been found that when the electrical current is about 
4.1 mA, there are many narrow and deep pits on the lubri- 
cated surfaces under the lubrication of glycerine. In contrast, 
no obvious damage on the lubricated surfaces could be seen 
under the lubrication of the paraffin oil when other condi- 
tions are close. The damage on the lubricated surface closely 
relates with the emergence of bubbles in the lubricant after 
the passage of electrical currents, and the arcing contributes 
little to the pit formation. 
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